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PACS: 82.65; 68. 10 Catalysis plays a prominent role in chemical industry. It is estimated that 85% of all chemicals and fuels or more have been in contact with a catalyst at least once. Catalysis also becomes progressively more important in environmental pollution control. In order to fully understand a catalytic reaction mechanism, it is essential to identify the reaction intermediates and to know the elementary reaction steps along with their kinetic parameters. Surface science has been instrumental in this respect and there is no doubt that catalysis anno 1995 would not be what it is without surface science.
The process of catalysis is essentially a cycle in which reactants adsorb and react on the surface of the catalyst, while products desorb into the gas phase. The catalytic activity is associated with sites on the surface which are continuously regenerated. The role of the catalyst is to provide an energetically favourable pathway for the reaction. Figure  1 schematically illustrates the catalytic cycle for the reaction NO + CO ~ 1/2N2 + CO2. This is a very important reaction in automotive exhaust catalysis [1] , which has been the subject of many surface science investigations [2] [3] [4] .
Where lies the essential influence of the catalyst? Predominantly in the dissociation of the N-O bond. The reason that reactions such as those between NO and CO, or between CO and 02 do not proceed in the gas phase is that very high temperatures would be required in order to break the N-O and O-O bonds. Once atomic oxygen and nitrogen are available, they will readily recombine to form CO2 and N2. Thus, in general, one can say that the essential action of the catalyst is to dissociate bonds; consecutive reactions follow--temperature and surface concentrations permitting--more or less automatically. In other words, catalysts break bonds and let new bonds form.
This paper reviews some of our recent work on surface dissociation. First, we discuss dissociation of molecules on surfaces on an introductory level in terms of qualitative, highly simplified, molecular orbital language [-5, 6] . Then, we show how promoters such as alkali metals configure the electrostatic potential of a metal surface in a way that dissociation is favored, and finally, we discuss how the kinetics of dissociation depends sensitively on surface coverage, or more essentially, on the availability of free sites.
Qualitative molecular orbital picture of dissociative chemisorption
In order to analyze the interaction between a molecule and the catalytic surface that leads to molecular or dissociative chemisorption, it is useful to consider the metaladsorbate system as a 'surface molecule'. This complex has molecular orbitals made up from metal orbitals and orbitals of the adsorbing molecule [-7] .
If we want to understand the conditions under which a chemisorbed diatomic molecule such as H2, N2 or CO dissociates, we need to take two orbitals of the molecule into account, the Highest Occupied and the Lowest Unoccupied Molecular Orbital (the HOMO and the LUMO). For simplicity, we consider a molecule A2 with a doubly occupied bonding level a and an unoccupied antibonding What are the important things to look at? First, the interaction under (i) between the occupied molecular o-orbital and an occupied surface orbital gives an in-principle repulsive interaction, because both the bonding and the antibonding chemisorption orbital will be occupied. However, if the antibonding orbital falls above the Fermi level, the repulsion is partially or entirely relieved. Second, interaction (ii) gives a bonding orbital which can either be above or below the Fermi level. Since the participating LUMO orbital of the adsorbing molecule is antibonding with respect to the interaction between the molecule atoms, occupation of the corresponding orbital fragments leads to dissociation of the molecule. Be it partially occupied, then it contributes less to bonding between A2 and the surface, while at the same time the intramolecular A-A bond of the chemisorbed molecule is weakened (as is the case with the 2n* orbital of CO on most group-VIII metals).
Because the latter process leads to a population of the antibonding molecular orbital by electrons from the 9 metal, it is often referred to as 'back donation'. The partial filling of levels, which are bonding for the metal-molecule interaction but antibonding for the adsorbed molecule, creates a favourable starting position for dissociation, with an activation barrier that is much lower than that for dissociation in the gas phase. It should be noted, however, that the intramolecular bond weakening in the case of adsorbed CO is only modest, and that sufficient filling of the 2n* derived chemisorption levels occurs only when the molecule is in the transition state for dissociation. The latter can be envisaged as a state in which the molecule bends toward the surface, such that the overlap between metal d states and the 2n* levels is large [7, 8] . The reader is referred to the literature for more thorough descriptions of chemisorption theory [7, [9] [10] [11] [12] [13] [14] .
Alkali promoters and the electrostatic surface potential
The simple orbital scheme of Fig. 2 can be used to illustrate another important factor, namely the role of the work function. Note that the vacuum level in Fig. 2 represents the zero of energy for the electrons in the metal and the adsorbed molecule. Hence, a smaller work function increases the probability that electrons occupy the chemisorption orbitals. This enhances the interaction between the molecule and the surface through filling of the o-*-derived levels and weakens the intramolecular bond to a greater extent. Figure 3 shows the well-known picture of how the potassium coverage affects the macroscopic work function. The interpretation of Fig. 3 is that at low coverages the potassium forms a positive ion, which, because it is screened by electrons inside the metal, forms a dipole with the positive end directed outwards. This counteracts the dipole layer of the metal that constitutes the surface contribution to the work function of the substrate. At higher coverages, the effect becomes weaker due to mutual depolarization of the K atoms. Coverages corresponding to promoter concentrations of practical interest are all in the range where the potassium is atomically dispersed and can almost be conceived as a K § ion [15] [16] [17] . Of course, adsorbed molecules do not experience a surface with a homogeneously decreased work function, but feel predominantly the influence of the nearby K atoms. A calculation of the electrostatic potential around a single potassium atom on a semi-infinite jellium surface by Lang et al. [18] indicates that the promoter effect of the potassium atom is highly local and limited to the adjacent adsorption site only.
What happens if the surface coverage of the alkali metal is higher? Janssens et al. [19] used photoemission of adsorbed noble gases to investigate the electrostatic surface potential on the potassium-promoted (111) surface of rhodium. In order to probe the potential at several distances from the potassium atoms, not only xenon, the commonly used noble gas in this type of study [20] , but also krypton and argon were used. Figure 4 plots the shifts in binding energy of the physisorbed noble gases with respect to clean rhodium vs the distance to the potassium atom. As explained in detail by Wandelt [20] , this shift in binding energy can be considered as the change in the local work function, which is equivalent to the change in the electrostatic surface potential. Density functional calculations on rhodium-potassium clusters such as RhlsK3 confirm the validity of this interpretation [21] . The general picture that emerges from Fig. 4 is that the surface potential changes steeply in the immediate vicinity of the potassium atom, while it becomes more or less constant at distances larger than about 0.5 nm. However, this value is significantly lower than on clean Rh(111) and depends on the potassium coverage: The long-range effect of adsorbed potassium corresponds to a lowering of the local work function of about 0.4 eV for a potassium coverage of 2.7% at.%, and of about 1.0 eV for 5 at.% of potassium on the surface [19] . The long-range effect of the promoter is a result of the cumulative electrostatic effect of all potassium atoms on the surface. Figure 5 gives the result of a theoretical calculation of the electrostatic potential caused by an ordered network of dipoles, corresponding to a potassium coverage of 2.7 at.% and an average distance between the promoter atoms of 1.6 nm. This calculation confirms that both the short-and the long-range promoter effect of potassium have a purely electrostatic origin. Effects through the substrate, associated with charge donated by potassium to the substrate metal, do not have to be invoked at all.
The catalytic significance of Fig. 5 is that it represents the differences in the effective work functions that a molecule experiences upon adsorption at different positions on the surface. As explained above, a low work function of the substrate enhances the capability of the substrate to donate electrons into empty chemisorption orbitals of the adsorbate. If such an orbital is antibonding with respect to an intramolecular bond of the adsorbed molecule, the latter is weakened due to a higher electron occupation.
The effect of a lower work function is that all orbitals of an adsorbed molecule shift downward with respect to the Fermi level of the substrate. This shift of the occupied levels to higher binding energy has been observed in UPS spectra of adsorbed CO [22] , while the shift of the unoccupied part of the 2~*-derived chemisorption orbital has been observed in inverse photoemission [23] . The overall effect is that the bond between the metal and the CO becomes stronger while at the same time the intramolecular CO bond is weakened. Weakening of the CO bond by potassium has been observed in the vibrational spectra of CO on several metals [24] [25] [26] [27] . The fact that potassium enhances the adsorption bond of CO with the substrate is revealed by Thermal Desorption Spectroscopy (TDS) in a shift of the CO peak to higher temperatures in TDS [28] .
In conclusion, alkali-metal adsorption on metal surfaces results in a dominant lowering of the surface potential on sites adjacent to a potassium atom, and a smaller, but still significant lowering of the potential on sites further away. The long-range effect is caused by a cumulative effect of all potassium atoms on the surface.
Kinetics of dissociative adsorption
Whether an adsorbed molecule dissociates or not is determined by the thermodynamics of the adsorption states before and after reaction, and the energy barrier between them. While molecules are found to adsorb on a variety of sites (on top, bridged, three-fold), atoms almost always adsorb in sites of three-fold or four-fold coordination. As a consequence, the dissociation of a molecule is only possible if sufficient free sites are available in the immediate vicinity of the adsorbed molecule. We expect that the total surface coverage has a drastic effect on the dissociation kinetics, as the following derivation suggests [29] .
Consider the case where the molecularly adsorbed species ABads is the majority reaction intermediate in the surface reaction from AB to adsorbed atoms. In order to understand the kinetics of dissociative adsorption, it is essential to realize that surface sites, indicated with an asterisk, play the role of a reactant in the kinetic equations. The scheme of reactions becomes: G^ AB + 9 ,~s ABads, The heat of adsorption (of which the coverage dependence is ignored[) is a negative quantity. Thus, under conditions where 0AB is close to unity (i.e., high pressure, low temperature), the overall activation energy is an amount I AHaa~ [ higher than the activation energy of the elementary dissociation step. The reason is that there are no sites available for dissociation, hence, it costs an amount of energy equal to [AHaas ] to free a neighboring site. Note that the expressions of course need to be modified for dissociations requiring more than one free site, as the factor of two derives from the power of the denominator. Temperatureprogrammed measurements on the dissociation kinetics of NO on rhodium illustrate the behavior described above, as discussed in the following section [30] .
NO dissociation on Rh(lll)
As said in the introduction, breaking of the N-O bond by the surface of rhodium is a highly essential step in the catalytic removal of NO from car exhaust gases. Although rhodium is sufficiently reactive to achieve this (even without promoters), dissociation can nevertheless be severely impeded if the surface coverage is too high. In order to show this, we adsorb NO on the Rh(l 11) surface at low temperature (about 100 K), and use TDS to investigate whether NO stays intact and desorbs as NO, or dissociates and desorbs as N2.
If NO is adsorbed in small amounts (coverages below 0.25 monolayer) all molecules dissociate readily upon heating. This is seen in the thermal desorption spectra of Fig. 6 which shows that N2 is the only N-containing desorbing species (traces of the unavoidable contaminant CO desorb around 510 K) at low coverage. Desorption of 02 occurs at temperatures above 1200K and is not shown. Thus, all NO dissociates at initial coverages below 25% of a monolayer.
The situation becomes significantly more complex if the surface is covered to a higher extent. For coverages above 25%, the first product to come off the surface upon heating is NO, immediately followed by N2, which desorbs in at least two channels, labeled fil and fi2 in Fig. 6 . .300 500 700
Temperature / K Fig. 7 . Temperature-programmed SSIMS and desorption show that NO dissociates completely at low coverages (left) while dissociation at high coverages is retarded to temperatures where NO desorbs [30] At near saturation coverages, also the NO desorbs in two states, labeled cq and ~2. As explained in [30] , the ~2 state is believed to correspond to NO in a three-fold site. Once these are filled up, NO is assumed to adsorb in two-fold sites, denoted by the cq label. The most important point to note with respect to NO dissociation is that at higher coverages a significant fraction of the adsorbed NO does not dissociate, but desorbs into the gas phase. A detailed interpretation of the reaction mechanism underlying the TPD spectra definitely requires information about what goes on on the surface. For this purpose, Static Secondary-Ion Mass Spectrometry (SSIMS) has proven worthwhile [31, 32] . Characteristic cluster ions in SSIMS can be monitored as a function of time by multiplexing the mass spectrometer, enabling in situ studies of surface reactions [33, 34] . The secondary ions of interest are RhNO § Rh2NO +, indicative for molecularly adsorbed NO, and Rh2N +, which represents the dissociation product N~as. As shown extensively by e.g., Brown and Vickerman [35] for CO on Ni, Ru and Pd, intensity ratios such as Z~= ~.2 M,CO+/M,, + and M2N+/M, + (M = metal), often represent the coverages of adsorbed CO and C respectively. We will use the same approach to monitor the surface reactions of NO and its dissociation products. Figure 7a shows that NO, preadsorbed at low temperature and at a low coverage of about 15%, dissociates completely at temperatures between 250 and 350 K. This is seen in the SSIMS experiment from the disappearance of the RhNO § signal, reflecting molecular NO, and the growth of the Rh2N + signal, characteristic of adsorbed nitrogen atoms. Desorption of molecular N2 starts around 440 K. The results indicate that all NO dissociates at low coverages. If, however, the surface is saturated with NO, dissociation does not set in until a significant fraction of the molecular NO has desorbed, as the SSIMS and Temperature-Programmed Desorption (TPD) measurements of Fig. 7c show. This retards the dissociation of NO to temperatures around 400 K, where recombination of N atoms and desorption of N2 follow almost instantaneously. The results exemplify the more general kinetic scheme for the dissociation of ABads given above. If the initial coverage of NO is high, desorption of a part of the NO molecules has to occur in order to create the free sites that are necessary for its dissociation. The TPD and TPSSIMS support the following sequence of elementary reaction steps for the decomposition of NO on Rh(111):
~2 --NOaas + n. ~ N.a~ + Oad~, T ~ 300 K,
cq -NOads ~ NOga~ +., T ~ 380 K,
~2 --NOads ~ NOgas -[-*, T ~ 430 K,
Naa~ + Nad~ ~ ,81 -N2,gas -1-2,, T ~ 460 K,
Naas + Nads --+ 82 --Nz,gas -J-2., Y ~ 550-700 K,
Oaas + Oaas ~ O2,g~ + 2*, T ~ 1200-1350 K,
with kinetic parameters as given in Table 1 . Note that under the conditions at which the threeway catalyst operates many more reactions occur, in particular the ones involving adsorbed CO and H, which remove adsorbed oxygen atoms at low temperatures.
In analogy with the results of theoretical calculations on the dissociation path of CO on rhodium by De Koster and van Santen [8] , we visualize the rupture of the N-O bond as sketched in Fig. 8 . Starting from a three-fold position, the adsorbed NO molecule bends across a rhodium atom to the next three-fold site. By stretching over the central rhodium atom, the antibonding NO orbitals have a strong interaction with the Rh d orbitals, and the N-O bond is efficiently weakened. The picture implies that NO requires an ensemble of at least five atoms on the (111) surface of an fcc transition metal in order to dissociate. This is in fair agreement with kinetic modelling, which indicates that three to four NO adsorption sites must be invoked to obtain realistic kinetic parameters [30] .
Concluding remarks
The mechanism of a catalytic reaction is inevitably a sequence of several elementary reaction steps. The scheme of Fig. 1 represents only a highly simplified version of such a mechanism. Kinetic investigations of catalytic processes are by necessity always based on an input-output analysis of reactants entering and products leaving the reactor. What happens inside, and more specifically, on the surface of the catalyst, is only very incidentally accessible for direct kinetic investigations. Therefore, the surface science approach for studying the kinetics of elementary steps that occur in catalytic reactions is vitally important, because parameters such as those listed in Table 1 form the highly desirable input for the modeling of more complex reaction mechanisms.
A second reason why the kinetic parameters of elementary reaction steps are important is that, mainly through spectroscopy and computational chemistry, they provide a link between the intramolecular properties of (adsorbed) reactants and their reactivity. Statistical thermodynamics furnishes the theoretical framework for describing how equilibrium constants and reaction rate constants depend on the partition functions of vibration and rotation [29, 36, 37] . Thus, performing spectroscopy on adsorbed reactants and intermediates gives the input for computing equilibrium constants, while calculations on transition states of reaction pathways starting from structurally, electronically and vibrationally well characterized ground states enable the prediction of kinetic parameters (see, e.g., [38] for an example on the dissociation of NO on copper).
Note, however, that the kinetic descriptions given in this paper represent a simplification with respect to ignoring the possibility of lateral interactions. Ordering of adsorbates, even to the extent that reactants organize themselves in islands of substantial dimensions, has a profound influence on the kinetics. Exploration of these effects through Monte-Carlo simulations is a field of growing importance. The reader is referred to reviews by Lombardo and Bell [39] and by Kang and Weinberg [40, 41] for introductions to this subject.
To summarize, the purpose of this paper was to review several aspects of the dissociation of molecules on surfaces. The example of NO decomposition on rhodium (111) exemplifies that a dissociating molecule needs vacant sites and that dissociation on a highly covered surface is retarded to temperatures where desorption becomes feasible, such that sites are liberated. The results also illustrate that TPD and SSIMS form a successful combination for studying the kinetics of surface reactions in real time. Studies on the elementary surface reactions of small hydrocarbons, NO and H2, in the context of automotive exhaust catalysis, are presently in progress.
